A fully integrated self-referenced Er-fiber frequency-comb system without the use of highly nonlinear or microstructured fiber is demonstrated. We use a single PPLN-waveguide for both spectral broadening and 2f-to-3f CEO-phase detection.
Introduction
For many applications turn-key fiber-laser frequency-combs [1] are an excellent alternative to bulky and alignment sensitive Ti:sapphire-laser-based systems. Due to their compact and rugged construction and their environmental insensitivity they are well suited for portable instrumentation and long term operation. However unlike some Ti:sapphire-based frequency combs, fiber comb systems are not capable of generating sufficient spectral bandwidth directly in the mode-locked oscillator cavity for self-referenced carrier-envelope-offset (CEO) phase detection using an f-2f or 2f-3f interferometer. They therefore rely on additional spectral broadening mechanisms. All fiber-comb systems demonstrated so far use supercontinuum generation in microstructured or highly nonlinear fibers to generate octave-spanning continua for CEO detection in an f-2f interferometer. Since all broadening mechanisms generate excess noise to some extent, it is highly desirable to find alternatives to the established schemes. Recently Fuji et al. demonstrated frequency broadening of the red edge of a broad band Ti:sapphire laser and CEO phase detection in a single PP-MgO:LN crystal [2] . Here we show for the first time that with the use of reverse proton exchanged (RPE) periodically poled LiNbO 3 (PPLN) waveguides one can extend this method to much narrower bandwidth fiber lasers.
Experimental setup
The experimental setup is shown in Fig. 1 ). An all-fiber dispersion-compensated Fabry-Perot type Er-oscillator modelocked with a saturable absorber was implemented. The design details including the chirped fiber grating employed for dispersion compensation were published elsewhere [3] . The pulse train at f rep =76MHz from the oscillator was amplified in a parabolic amplifier similar to [4] and compressed in a single-mode fiber pigtail which was butt-coupled to a RPE-PPLN waveguide. The amplifier was pumped with up to ~ 1.2W pump power delivered by three 980nm laser diodes, and generated (after passage through an integrated isolator) 175mW of ~ 50fs FWHM pulses. The RPE-PPLN waveguide is 30-mm long and contains a 22.5-mm-long uniformly periodically poled section, originally designed for doubling 2.1um [5] and 2-mm long single-mode sections at the input and output ends for mode filtering and efficient coupling. The waveguide was heated to about 80 o C; after the uncoated waveguide we measured up to 80mW optical output with a thermal power meter. 
Experimental results
The optical spectrum out of the RPE-PPLN waveguide is shown in Fig.2 . The intensity of the spectrum is not calibrated due to chromatic aberrations and mode-filtering effects when coupling to the OSA and spectrometer. By increasing the coupled power to the waveguide, we first observed a broadening of the red edge of the amplifier spectrum. At about 10mW measured power after the waveguide, we see visibly green emitted light which changes color to yellow and bright white at higher coupled power. The broad visible emission most likely occurs due to second and third harmonic generation of the broadened input spectrum. The spectrum also shows several intense spectrally narrow features which are most likely generated in phase matched interactions. In the spectral region around 700nm where 2 nd and 3 rd harmonic of the originally broadened spectrum overlap we were able to detect a CEO related beat signal with up to 30dB SNR . Fig 2b) shows the beat signal detected by a Siavalanche diode after filtering the spectrum with a 10nm bandpass filter centered at 700nm. We readily could use this CEO related beat signal to phase lock the CEO frequency f CEO by feedback control of the oscillator pump power to a stable RF synthesizer. We also were able to simultaneously phase lock the frequencies f rep (using a piezo actuator tube based fiber stretcher as feedback element) and f CEO to demonstrate a self referenced fiber frequency comb. The CEO-related beat note could be fitted with a 64kHz FWHM Lorentzian line shape (Fig 2c) .
Discussion and conclusion
The observed strongly non-symmetric (essentially single-sided) broadening mechanism can not be explained by pure self-phase modulation. We also confirmed that the presence of the QPM grating is necessary to observe the above described effects. We attribute the broadening mainly to cascaded second order nonlinearities which lead to effective third order nonlinearities. We are currently working on a model describing the observed broadening mechanism.
In conclusion we have demonstrated an optically integrated self-referenced frequency-comb laser system based on an ultra-compact Er-fiber-laser system and an integrally coupled RPE-PPLN-waveguide which is used for spectral broadening and CEO phase sensing. The possibility to engineer the waveguide might open new possibilities to spectrally tailor the output of the frequency comb and for example generate spectral regions with high optical power per mode, suited to generate high SNR beat signals with narrow linewidth cw-lasers.
